Four chromosomal defects associated with outcome are commonly evaluated by fluorescent in situ hybridization (FISH) in chronic lymphocytic leukemia (CLL), namely deletions of the 13q13-q14, 11q22 and 17p13 regions and trisomy 12. In this study, we compared a quantitative PCR method -quantitative multiplex PCR of short fluorescent fragment (QMPSF) -with FISH for the detection of these acquired aneuploidies in a series of 110 patients with Binet stage A CLL. Genes located in the deleted or gained regions were selected as target genes and amplified using a method based on the simultaneous amplification of short fluorescent genomic fragments under quantitative conditions. A chromosomal imbalance involving one or several of the four loci was detected by either method in 72 patients (65%). A chromosome 13 deletion was present in 61 patients (54%), a 11q22 deletion in nine (8%), a trisomy 12 in nine and a 17p deletion in one. FISH and QMPSF results were identical for 103 out of 110 patients and discrepancies could be explained in most cases. This study demonstrates that a quantitative multiplex PCR represents a cost-effective method that could replace FISH in CLL patients. However, although QMPSF is perfectly adapted to the detection of primary defects, care should be taken when searching for clonal evolutions present in a small proportion of tumor cells.
Introduction
Four chromosomal abnormalities, namely 17p13 deletions, 11q22-23 deletions, trisomy 12 and 13q13-14 deletions have been reported to be strongly associated with the clinical outcome of chronic lymphocytic leukemia (CLL) patients. [1] [2] [3] [4] Owing to the low proliferative potential of this malignancy and the fact that some of these defects may be cryptic, search for the resulting aneuploidies is commonly performed using fluorescent in situ hybridization (FISH) on interphase nuclei, which, for that purpose, was demonstrated to be more efficient than conventional cytogenetics. 3 Even if the efficacy of this latter method was recently improved by the use of the immunostimulatory CpG-oligonucleotideDSP30 plus interleukin 2, 5 it alone does not allow detection of all 11q, 13q and 17p deletions. For FISH, several commercial probes have been developed and are largely used by most investigators. These probes target the 13q-deleted region (D13S319, D13S25), the ATM gene, the TP53 gene and chromosome 12 centromere. As probes are expensive and as FISH is a time-consuming method, we aimed to evaluate the application of a quantitative PCR method (quantitative multiplex PCR of short fluorescent fragments [6] [7] [8] or QMPSFs) initially developed for the evaluation of constitutional aneuploidies to the somatic aneuploidies acquired by CLL patients.
Patients and methods

Patients
Hundred and ten patients with newly diagnosed stage A CLL according to Binet classification 9 were evaluated in two hospitals (Centre Henri Becquerel, Rouen, France and Centre Francois Baclesse, Caen, France). This study was conducted in the context of a French multicentre medico-economic study aiming at defining the best cost-effective strategy for the prognosis evaluation of these patients. For patients included in this study, the following parameters were investigated: mutational status of immunoglobulin heavy chain genes, 10 expression of CD 38 on leukemic B cells, [11] [12] [13] soluble CD23, 14 ZAP70 expression, [15] [16] [17] presence of one or several of the four chromosomal defects listed above as evaluated by FISH 3, 18, 19 and serum thymidine kinase activity. 20 This study, funded by the French Health Ministry (Direction de l'Hospitalisation et de l'Organisation des Soins), included a quality control for all parameters. In addition, in these 110 patients, QMPSF was compared with FISH for the detection of chromosomal imbalances. There were 66 male and 44 female patients, their median age was 69 years (range 47-96). Owing to the low frequency of chromosomes 11, 12 and 17 defects in this series, additional stage A CLL patients with either 11q deletions (five patients) or trisomy 12 (11 patients) were also analysed, together with 15 patients with stage A, B or C CLL or non-Hodgkin lymphoma and 17p deletion in 18-85% of cells.
Blood-cell separation
Mononuclear cells were isolated by density gradient centrifugation (lymphoprep, 15 min at 2000 g). As a result, the median proportion of cells with a double CD5 þ /CD19 þ labelling was 87% (range 49-96).
DNA preparation
High-molecular weight DNA was prepared using standard methods, either proteinase K digestion followed by a saltingout procedure and ethanol precipitation or by MagNA pure compact nucleic-acid isolation kit 1 (Roche, Diagnostic, Basel, Switzerland) or QIAamp DNA mini kit (Qiagen, Courtaboeuf, France). As QMPSF is based on a comparison between the amplification profile of the test DNA and a control DNA, only samples prepared using the same extraction protocol can be analysed.
QMPSF (patent FR0209247)
QMPSF is a sensitive method for the detection of genomic deletions or duplications based on the simultaneous amplification of short genomic fragments using dye-labelled primers under quantitative conditions. 6-8 PCR products are analysed on a sequencing platform used in the fragment analysis mode and both the peak height and area are proportional to the quantity of template present for each target sequence. This method was initially developed for the evaluation of constitutional aneuploidies. In this setting, height or area of peaks corresponding to the loss of one allele will be half that of normal samples, whereas a gain of one allele (trisomy) will result in a 50% increase. As reported previously, 21 in the context of an acquired somatic abnormality leading to an imbalance, both the proportion of tumoral cells in the sample and the proportion of tumoral cells bearing the abnormality will impact the template quantity. As a result, if the tumor represents only one half of the sample, the diminution resulting from the loss of one allele by the tumoral cells will be only 25%, as gain in case of trisomy.
Selection of target genes
Genes located in the commonly deleted regions of chromosomes 11, 13 and 17 were selected as target genes, namely ATM at 11q22.3, DLEU2 at 13q14.2 and TP53 at 17p13.1. As the TP53 primers failed to detect a 17p deletion in this series of 110 patients, another target gene located in a more telomeric position at 17p13, ATP2A3 was added to the original multiplex. Two genes were chosen on the long arm of chromosome 12, POU6F1 at 12q13.13 and MDM2 at 12q15, located in the more frequently gained regions in case of partial trisomy 12. 22 In addition, two genes located in regions which are usually not rearranged in CLL were chosen as reference genes, JAK2 in the 9p24 region and CECR1 located at 22q11. Primer pairs were designed for each of these seven genes in regions that do not contain single nucleotide polymorphisms and chosen to generate PCR fragments ranging from 150 to 250 bp. These primers were modified as described previously. 6 Sequences of the primers are indicated in Table 1 .
PCR conditions
PCRs were run from 100 ng of genomic DNA in a final volume of 25 ml with 0.16 mmol/l of each deoxynucleoside triphosphate, 1.5 mmol/l MgCl 2 , 1 U of thermoprime plus DNA polymerase (ABgene, Epson, UK), 5% DMSO and 0.5-1.6 mmol/l of each primer, one primer of each pair carrying a 6-FAM label. After an initial denaturation for 3 min at 941C, 20 cycles were performed consisting of denaturation, 941C for 15 s, annealing 501C for 15 s (ramping 31C/s) and extension 701C, 15 s (ramping 31C/s), followed by a final extension step for 5 min at 701C.
Fragment analysis
After completion of the PCR reaction, labelled products were run on an ABI Prism 310 DNA genetic analyser (Applied Biosystem, Courtaboeuf, France) and the amplification profile of each patient was compared with the profile of both a commercial reference DNA (Roche Diagnostic, Basel, Switzerland) and a known negative DNA using the GeneScan 3.1. 2 software. Heights and areas were also calculated and compared with those of the reference markers. For negative samples, the mean variation (M72s.d.) of the ratio of target peak area/reference peak area was 5.074.9 %, with a slight variation from target to target. In this series, all positive samples for a given defect had a ratio value inferior to 0.84 for a loss or superior to 1.20 for a gain, as compared to the ratio calculated for normal DNA.
Sensitivity assessment
Tumors comprised of a mixture of normal and abnormal cells that carry somatically acquired genetic defects. To verify that QMPSF was suitable for the evaluation of abnormal DNA diluted in normal DNA, DNAs from patients with a deletion of chromosome 13, 11 or 17 or with a trisomy 12 were diluted in normal DNA (Roche Diagnostic) and analysed using this multiplex assay.
FISH analysis
The following probes were used in this study: LSI D13S25 spectrum orange, LSI ATM spectrum orange, LSI TP53 spectrum orange (Vysis, Dover Grove, IL, USA) and chromosome 12 Abbreviations: FISH, fluorescent in situ hybridization; QMPSF, quantitative multiplex PCR of short fluorescent fragment.
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Results and discussion
Sensitivity
In dilution experiments, somatic defects could be reliably detected when the proportion of tumoral cells was as low as 20% for del(13)(q14) and del(11)(q22), 25% for trisomy 12 and del (17) . As mentioned above, the median proportion of tumoral cells after density gradient separation was 86%, much higher than this 20-25% threshold. However, in CLL patients, the proportion of abnormal cells carrying either of the tested genetic defects can be lower than the theoretical 100% found in cell lines. For example, the median proportion of cells carrying a 13q deletion as evaluated by FISH in this series was 63%.
Losses and gains
Results are summarized in Table 2 . A chromosomal imbalance involving one or several of the four loci was detected in 72 patients (65%) either by FISH or QMPSF or both. Using FISH, in agreement with previously reported frequency, 3 a deletion of chromosome 13 was found in 59 patients (54%), 11q22 deletion in eight (7%), trisomy 12 in eight (7%) and 17p deletion in one. The low frequency of the three latter defects reflects the fact that only patients with stage A CLL at diagnosis were studied and not stage B or C CLL, known to carry more aggressive cytogenetic patterns. QMPSF detected a 13q deletion in the same number of patients, a 11q deletion and a trisomy 12 in nine patients each (8%) and failed to detect the 17p deletion. As detected by either method, the 13q deletion was isolated in 53 patients and associated with a second defect in eight: these were six of the 11q22 deletions, one trisomy 12 and the 17p deletion. When the 13q deletion was associated with either a 11q deletion or a trisomy 12, both abnormalities were present in the same proportion of cells. This was not the case for the 17p deletion which appeared to be a secondary event, since, as evaluated by FISH, it was present in 24% of cells, whereas the 13q deletion was present in 85% of interphase nuclei.
Comparison of FISH and QMPSF
FISH and QMPSF results were identical for 103 of these 110 patients. Two 13q deletions detected by FISH were not detected by QMPSF and conversely two 13q deletions detected by QMPSF were not detected by FISH. These discrepancies are likely to result from the variability of 13q deletion boundaries in CLL patients. A breakpoint located between the FISH and QMPSF probes will be detected by only one of the two techniques. This problem could be resolved by adding another more telomeric target to the current multiplex. Since two of these patients, one detected by FISH and the other by QMPSF had a second defect, they were recognized as 11q deletion for one and trisomy 12 for the other. One partial 12q trisomy could not be detected by FISH, since it does not involve the centromeric region. The ATM QMPSF assay was designed in exon 7 of the gene and unexpectedly demonstrated a 3-bp deletion in one allele for one patient, which was confirmed by sequencing and could of course not be detected by FISH. This case raises the particular problem of small deletion occurring in the coding sequences of target genes, which cannot be detected by the current reference technique. Finally, the secondary 17p deletion, occurring in a patient with a 13q deletion and evaluated to be present in 24% of cells was not detected by QMPSF. This discrepancy could probably be explained by the low proportion of cells carrying the deletion in this case. Of note, this FISH evaluation was difficult as the sample was poor and the hybridization quality not optimal. This discrepancy points to the problem represented by the detection of small emerging secondary defects in this pathology, mainly when they are associated with a bad prognosis.
The results of the analysis performed in additional patients with 11q deletions or trisomy 12 or with 17p deletion recruited in stage B and C CLL or non-Hodgkin lymphomas are summarized in Table 3 and show that, for this latter defect, the abnormality is reliably detected when present in 25% of tumoral cells.
Conclusion
This study, showing the very good correlation existing between FISH and QMPSF results for the exploration of the common aneuploidies found in CLL, demonstrates that a single multiplex PCR represent a cost-effective method, adapted to large cohorts, which can replace FISH in most patients. However, although QMPSF is perfectly adapted to the detection of primary defects, care should be taken when searching for minor clonal evolutions present in a small proportion of tumor cells. PCR evaluation of aneuploidies in CLL C Bastard et al
